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HIGHLIGHTS 


►  The  correlation  of  synthesis-structure-activity  is  studied  on  Ni-Zn/Ce02  coatings. 

►  The  Ce02  particles  embedded  in  Ni-Zn  matrix  can  increase  the  HER  activity. 

►  A  synergetic  effect  between  Ce02  particles  and  Ni— Zn  matrix  may  exist  in  HER. 

►  The  electrodes  contained  excess  Ce02  particles  showed  laminate  morphology. 
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In  this  work,  high-performance  Ni-Zn/Ce02  composite  electrodes  are  prepared  for  hydrogen  evolution 
reaction  (HER)  in  alkaline  solutions  using  a  composite  electrodeposition  technique  in  a  Ni— Zn  bath 
containing  suspended  micro-  or  nano-sized  Ce02  particles.  The  composite  electrodes  containing  more 
Ce02  particles  are  dominant  with  laminate  morphology.  The  addition  of  Ce02  particles  can  alter  the 
electrode  phase  composition.  Optimization  of  the  concentration  of  Ce02  particles  leads  to  a  significant 
enhancement  of  HER  activity  on  the  composite  electrodes,  relative  to  Ni-Zn  coating.  The  exchange 
current  density  of  the  composite  electrode  is  2  times  higher  than  that  of  the  Ni-Zn  coating  when  the 
nano-Ce02  concentration  is  1  g  L_1.  Electrochemical  impedance  spectroscopy  results  suggest  that 
a  possible  synergetic  effect  on  HER  may  exist  between  Ce02  particles  and  Ni— Zn  matrix. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  a  clean  fuel,  hydrogen  has  made  a  significant  contribution  in 
the  solution  of  the  energy  crisis  and  greenhouse  gas  emission 
reduction  [1,2].  In  particular,  the  advanced  water  electrolysis 
technique  is  able  to  generate  hydrogen  efficiently,  which  prevents 
the  use  of  the  fossil  fuels  in  the  natural  gas  reforming  or  the  gasi¬ 
fication  of  coal  and  petroleum  coke  resulting  in  great  environ¬ 
mental  benefits.  However,  on  current  electrodes  for  water 
electrolysis,  the  high  HER  overpotential  restrains  hydrogen  large 
scale  application  seriously  [3].  In  order  to  solve  this  problem,  many 
novel  electrode  materials  were  synthesized  to  reduce  both  the  HER 
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overpotential  and  the  cost  [4,5].  Ni-based  materials  have  attracted 
more  and  more  attention  due  to  their  good  activity  for  HER  and 
sufficient  corrosion  resistance  in  the  alkaline  solution  [6]. 

In  principle,  the  activity  for  HER  can  be  improved  by  increasing 
the  real  surface  area  and/or  the  intrinsic  activity  of  the  material  [7]. 
Therefore,  many  Ni-based  alloys  have  been  studied  on  the  HER 
activity,  including  Ni— Mo,  Ni— S  and  Ni-Zn  [8,9].  Based  on  Brewer— 
Engel  theory,  a  synergistic  effect  [10]  may  exist  between  Ni  and  Mo; 
the  Ni— S  and  Ni-Zn  alloys  exhibit  a  large  real  surface  area  [11,12]. 
Compared  to  the  Ni-based  alloys,  Ni-based  composite  materials, 
such  as  Ni-MoO*  [13,14]  and  Ni-rare  earth  (RE)  compounds  [5] 
generally  exhibited  a  higher  activity  for  HER. 

In  this  work,  the  Ni— Zn/Ce02  composite  electrodes  were 
prepared  by  composite  electrodeposition  technique  in  a  Ni-Zn 
bath  containing  CeCh  particles.  The  Ce02  particles  incorporated  in 
the  Ni-Zn  coating  was  found  to  affect  the  morphology  and  the 
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preferred  orientation  of  the  coating.  Two  types  of  CeC^  particle 
were  chosen  in  this  work:  one  is  in  micrometer  scale,  and  the  other 
is  in  nano-scale.  The  effects  of  both  the  Ce02  particle  size  and 
concentration  on  the  HER  activity  were  systematically  investigated. 

2.  Experimental 

The  Ni-Zn/Ce02  composite  electrodes  were  prepared  on 
10  x  10  cm2  mild  steel  plates  by  composite  electrodeposition 
technique  from  an  electrolyte  containing  120  g  L-1  NiCh,  100  g  IT1 
ZnCl2,  200  g  L-1  KCl,  30  g  L-1  H3B03, 100  g  L-1  ammonium  acetate 
and  either  micro-Ce02  (5—7  pm)  or  nano-Ce02  (20-30  nm)  parti¬ 
cles.  The  composite  electrodeposition  was  conducted  at  a  current 
density  of  3  A  dm-2  for  about  1  h  at  313  K  with  a  magnetic  stirrer  at 
600  rpm.  The  obtained  composite  coatings  with  micro-  or  nano¬ 
sized  CeC>2  were  denoted  as  M-n  or  N-n,  respectively  (n  =  1  and 

2,  when  the  concentration  of  Ce02  particles  was  1  g  L  1  and 
10  gL-1). 

The  morphology  and  crystal  structure  of  the  composite  coatings 
were  determined  by  SEM  (FEI  Quanta  200F)  and  XRD  (D/max-rB). 
The  composition  of  the  coating  was  analyzed  by  EDX  coupled  with 
SEM.  Electrochemical  tests  were  performed  on  a  CHI  660  electro¬ 
chemical  workstation  (CH  Instrument,  USA)  using  a  standard  three- 
electrode  electrochemical  cell.  A  Pt  foil  was  used  as  the  counter 
electrode  and  Hg/HgO/OH-  electrode  (in  1.0  M  NaOH)  as  the 
reference  electrode  at  298  I<  in  1.0  M  NaOH  solution.  The 
EIS  measurements  were  performed  in  the  frequency  region  of 
10  KHz-0.1  Hz  with  a  voltage  excitation  amplitude  of  5  mV  at 
298  K.  The  real  (Z')  and  imaginary  (Z")  components  of  electro¬ 
chemical  impedance  spectra  in  the  Nyquist  plot  were  analyzed 
using  the  complex  nonlinear  least  squares  (CNLS)  fitting  program  to 
simulate  the  equivalent  resistances  and  capacitances. 

3.  Results  and  discussion 

The  morphology  of  the  Ni-Zn  and  the  Ce02  incorporated 
composite  electrodes  are  compared  in  Fig.  1.  The  microstructure  of 
the  Ni-Zn  layer  shows  a  typical  flower  shape.  The  microstructures 
of  the  M-l  and  N-l  composite  coatings  are  similar  to  that  of  the  Ni- 
Zn  coating,  while  finer  and  more  compact  morphology  was 
observed  in  the  N-l  composite  coating  relative  to  the  Ni-Zn 


coating.  This  may  indicate  a  larger  surface  area.  According  to 
Fig.  lc  and  e,  the  surface  microstructures  of  the  M-2  and  N-2 
composite  coatings  show  laminate  structure,  which  is  obviously 
different  with  those  of  the  Ni-Zn,  M-l  and  N-l  coatings.  This  may 
be  attributable  to  the  fact  that  excess  Ce02  particles  were  incor¬ 
porated  in  the  Ni-Zn  coating  and  thus  decreased  the  surface  area. 
Based  on  the  EDX  analysis,  the  molar  ratio  of  Ni-to-Zn  is  86%  in  the 
Ni-Zn  coating.  The  molar  ratios  of  Ni-to-Zn  in  the  M-l  and  N-l 
composite  coatings  are  almost  the  same  to  that  of  the  Ni-Zn 
coating,  while  the  molar  ratios  of  Ni-to-Zn  in  the  M-2  and  N-2 
coatings  are,  55%  and  63%,  respectively.  They  are  much  lower  than 
the  ratio  of  the  Ni-Zn  coating.  The  Ni-Zn  codeposition  process  is 
an  anomalous  form.  The  addition  of  Ce02  particles  increases  the  Zn 
proportion  in  the  composite  coatings.  As  a  result,  this  may  be 
attributed  to  the  formation  acceleration  of  HadS  on  Ce02  particles, 
which  is  propitious  to  the  crystallization  of  zinc  [15]. 

According  to  the  EDX  results,  it  is  found  that  the  micro  Ce02  is 
easier  to  be  co-deposited  into  the  Ni-Zn  layer  relative  to  the  nano- 
Ce02.  For  example,  the  Ce02  concentration  in  the  M-2  coating  is 
18.9%,  but  the  concentration  in  the  N-2  coating  is  only  6.9%.  These 
results  are  consistent  with  the  reduction  of  particle  size  resulted 
from  decreasing  the  co-deposition  content  of  the  Ce02  particles  [16]. 

Fig.  2  shows  the  phase  composition  and  structure  of  the  Ni-Zn 
coatings  with  and  without  Ce02  particle  incorporation.  The  Ni-Zn 
coating  consists  of  NiZn3  (JCPDF  No.  47-1019),  Ni2Znn  (JCPDF 
No.  65-5310)  and  NiZn7.33  (JCPDF  No.  65-9641)  intermetallic 
compounds.  When  micro-CeC^  particles  are  embedded  in  the 
coating,  a  new  phase  NiZn  (JCPDF  No.  65-9470)  takes  the  place  of 
Ni2Znn  in  the  M-2  composite  coating.  In  the  case  of  the  nano-Ce02 
particle,  the  main  phase  composition  found  in  composite  coating  is 
similar  to  that  of  the  Ni— Zn  coating,  while  the  proportion  of  each 
phase  is  different  to  Ni-Zn  alloy  phases  in  the  N-2  composite 
coating.  It  can  be  seen  that  both  the  structure  and  the  preferred 
orientation  of  the  Ni— Zn  coating  have  been  greatly  changed,  when 
the  different  sized  Ce02  particles  are  incorporated  in  the  coatings. 
The  existence  or  formation  of  different  chemical  species  adsorbed 
at  the  metal-electrolyte  interface  can  be  affected  due  to  the 
addition  of  the  Ce02  particles.  The  embedded  Ce02  particles  can  act 
as  an  acceptor  for  hydrogen  adsorption  [13].  As  a  result,  they  can 
influence  the  pH  value  near  the  cathode  area,  and  then  affect  the 
concentration  of  intermediate  such  as  Zn(OH)2,  Ni(OH)2  and  HadS. 


Fig.  1.  SEM  images  of  the  Zn-Ni  alloy  and  the  Zn-Ni/Ce02  composite  coatings,  (a)  The  Ni-Zn,  (b)  M-l,  (c)  M-2,  (d)  N-l,  and  (e)  N-2  composite  coatings. 
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Fig.  2.  XRD  patterns  of  the  Ni-Zn  and  Zn-Ni/Ce02  composite  coatings,  (a)  Zn-Ni  layer,  (b)  M-2  composite  coating,  and  (c)  N-2  composite  coating. 


The  steady-state  linear  polarization  curves  for  HER  recorded  in 
1.0  M  NaOH  at  room  temperature  on  the  selected  Ni-Zn,  micro- 
and  nano-Ce02  composite  electrodes  are  compared  in  Fig.  3.  The 
curves  display  a  typical  Tafel  region,  and  the  Tafel  equation  can  be 
written  as  following: 


Vc 


2.3  RT 
anF 


log  Jo  + 


2.3  RT 
anF 


log  j 
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Here  ijc  is  the  cathode  overpotential,  R  is  the  ideal  gas  constant, 
and  T is  the  absolute  temperature,  a ,  n  and  Fare  the  charge-transfer 
coefficient,  number  of  electrons  exchanged  and  the  Faraday 


Fig.  3.  Steady-state  polarization  curves  of  the  HER  on  the  Ni-Zn  and  Zn-Ni/Ce02 
composite  coatings  in  1.0  M  NaOH  solution  at  298  K. 


constant,  respectively.  And  j0  is  the  apparent  exchange  current 
density,  which  can  represent  the  HER  activity  of  the  electrodes  [17]. 

The  calculated  kinetic  parameters  of  the  Ni-Zn  and  composite 
electrodes  are  listed  in  Table  1.  It  can  be  seen  that  the  jo  values  on 
the  M-l  and  N-l  composite  electrodes  are  larger  than  that  on  the 
Ni— Zn  coating,  especially  the  jo  value  on  the  N-l  electrode  is  2.2 
times  higher  than  that  on  the  Ni-Zn  coating,  indicating  that  the 
M-l  and  N-l  composite  coatings  have  a  high  HER  intrinsical 
activity.  According  to  the  SEM  image  of  M-l  coating,  the  surface 
area  of  composite  electrode  slightly  decreases  with  the  addition  of 
the  micro-Ce02  particles,  and  this  can  reduce  the  HER  activity. 
Because  the  Ce  atom  contains  half-filled  and  empty  d  orbitals,  the 
reduction  product,  i.e.  H  atom  can  easily  adsorb  on  Ce.  Hence, 
a  possible  synergetic  effect  between  Ce02  and  the  Ni-Zn  matrix 
can  enhance  the  HER  activity.  The  microstructure  of  the  N-l  coating 
is  finer  with  a  larger  surface  area  compared  to  Ni-Zn  coating. 
Meanwhile,  the  synergetic  effect  also  enhances  the  activity.  The 
HER  activity  on  the  N-l  composite  coating  is  much  higher  than  that 
on  the  Ni-Zn  coating.  However,  the  HER  activity  are  greatly 
reduced  on  the  M-2  and  N-2  coatings,  when  too  much  Ce02 
particles  are  embedded  in  the  Ni-Zn  coating.  This  may  be  due  to 
that  the  microstructure  and  the  phase  composition  will  be  greatly 


Table  1 

Electrocatalytic  parameters  of  the  HER  obtained  from  the  polarization  curves 
recorded  in  1  M  NaOH  solution  at  298  K. 


Electrode 

b/mV  dec  1 

j'o/mA  cm  2 

a 

Ni-Zn 

119 

2.47 

0.49 

M-l 

140 

2.74 

0.41 

N-l 

146 

5.37 

0.40 

M-2 

150 

1.86 

0.39 

N-2 

168 

1.49 

0.35 
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Fig.  4.  Nyquist  plots  of  for  the  HER  on  Ni-Zn,  micro  and  nano-Ce02  based  composite 
electrodes  at  an  overpotential  of  50  mV  in  1.0  M  NaOH  solution  at  298  K.  (Experimental 
(symbols)  and  fitted  (solid  lines)) 

changed.  The  laminate  structure  was  found  as  a  dominant  factor  in 
the  reduction  of  the  HER  activity. 

Tafel  slope  b  is  an  important  parameter  and  can  provide  insights 
into  the  HER  mechanism  on  the  composite  electrodes.  When  Ce02 
particles  embedded  in  the  Ni-Zn  coating,  the  composite  electrodes 
showed  a  high  Tafel  slope  value  [17].  According  to  the  Tafel  equa¬ 
tion,  b  =  2.3RTl(aF),  the  charge-transfer  coefficient  a  related  to  the 
possible  rate-determining  step  (RDS)  can  be  calculated.  As  listed  in 
Table  1,  all  if  the  a  values  are  all  less  than  0.5,  suggesting  that  the 
RDS  of  HER  on  the  studied  composite  electrodes  may  be  the  Volmer 
reaction  or  the  Volmer  reaction  coupled  with  Heyrovsky  reaction  or 
Tafel  reaction  [18]. 

In  order  to  investigate  the  interfacial  properties  and 
electro-catalysis  kinetics  of  the  HER  on  Ni— Zn  and  the  composite 
electrodes,  impedance  measurements  were  further  carried  out  at 
a  wide  frequency  range  (10  KHz-0.1  Hz).  The  classic  complex  plane 
Nyquist  plots  were  obtained  on  the  composite  electrodes  and  Ni- 
Zn  electrodes  at  cathode  overpotential  of  50  mV,  as  shown  in 
Fig.  4.  The  electrical  circuit  model  selected  to  investigate  the  HER 
electrochemical  process  was  shown  in  Fig.  5,  which  was  similar  to 
elsewhere  proposed  [19].  In  the  equivalent  circuit,  Rs  is  the  solution 
resistance.  Rc t  is  the  electrochemical  charge  transfer  resistance. 
CPE1  is  associated  with  the  double  layer  capacitance  (Cdi).  Rp  is 
related  to  the  resistance  of  the  adsorbed  intermediate  HadS,  and 
CPE2  is  the  constant  phase  element  of  the  pseudo-capacitance 
[20,21]. 

The  values  of  the  electrochemical  parameters  simulated  from 
the  analysis  of  impedance  spectra  are  reported  in  Table  2.  The 


CPE1 


Fig.  5.  Equivalent  electric  circuit  used  for  fitting  the  EIS  experimental  results. 


Table  2 

Electrocatalysis  parameters  obtained  from  the  EIS  measurements. 


Samples 

Ni-Zn 

M-l 

M-2 

N-l 

N-2 

Rct( Q  cm-2) 

4.33 

1.57 

2.32 

0.70 

2.56 

RP(Q  cm-2) 

9.49 

0.95 

12.31 

1.49 

36.77 

overall  electrochemical  reaction  resistance  values  (Rct  +  RP) 
decreases  obviously  with  the  size  of  Ce02  particles  embedded  in 
the  Ni-Zn  electrode.  So  the  different  sized  Ce02  particles  may  make 
the  synergetic  effect  with  the  Ni-Zn  matrix  during  the  HER 
process,  accelerate  the  formation  of  the  HadS.  This  experimental 
finding  is  consistent  with  our  conclusion  on  the  Ni-Ce02 
composite  electrodes.  When  the  excess  micro  or  nano-sized  Ce02 
particles  embedded  in  the  Ni-Zn  coating  (M-2  or  N-2  composite 
electrodes),  the  overall  electrochemical  reaction  resistance  values 
(Rct  +  Rp)  increased.  The  decrease  in  the  surface  area  and  the 
influence  in  the  HadS  desorption  process  can  both  decrease  the  HER 
activity  of  the  M-2  and  N-2  electrodes. 

4.  Conclusions 

The  Ni— Zn  and  Ni— Zn  composite  electrodes  embedding  micro- 
or  nano-Ce02  particles  were  prepared  by  the  composite  electro¬ 
deposition  technique.  The  effects  of  the  particle  size  and  concen¬ 
tration  of  the  Ce02  particles  on  the  morphology  and  crystalline 
structure  of  electrodes  were  systematically  investigated.  The 
morphology  of  the  M-2  and  N-2  coatings  was  characterized  with 
laminate  structure.  The  highest  activity  for  the  HER  was  achieved 
on  the  N-l  composite  electrode  containing  an  intermediate  Ce02 
particle  content.  When  excess  Ce02  particles  were  incorporated  in 
the  Ni— Zn  coating,  the  decreased  HER  activity  was  observed. 
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